Properties of planetary atmospheres, ionospheres, and magnetospheres are difficult to measure from Earth. Radio occultations are a common method for measuring these properties, but they traditionally rely on radio transmissions from a spacecraft near the planet. Here we explore whether occultations of radio emissions from a distant astrophysical radio source can be used to measure magnetic field strength, plasma density, and neutral density around planets. In a theoretical case study of Jupiter, we find that significant changes in polarization angle due to Faraday rotation occur for radio signals that pass within 10
Introduction
The passage of a radio signal through the atmosphere, ionosphere, or magnetosphere of a planet affects the polarization, frequency, and power of the radio signal (Fjeldbo and Eshleman, 1965; Eshleman, 1973; Budden, 1985) . In planetary science, radio occultation experiments have used these effects to measure properties of planetary atmospheres, ionospheres, and magnetospheres (Eshleman, 1973; Tyler, 1987; Howard et al., 1992; Withers, 2010) . A radio occultation experiment typically involves the transmission of a radio signal from a spacecraft located near a planet to Earth. Such experiments rely on the presence of a spacecraft near the planet to provide a source for the radio signal.
Here we explore whether similar measurements of planetary environments can be made using distant astrophysical radio sources. We use "planetary environment" to encompass the atmosphere, ionosphere, and magnetosphere of a planet. For conceptual simplicity, we discuss effects on the radio signal in terms of geometrical optics. Wave optics methods exist for interpreting radio occultation observations (Karayel and Hinson, 1997) .
Occultations of distant astrophysical sources have a successful history in solar system studies. At radio wavelengths, occultations of pulsars by the Sun have measured properties of the solar corona Rankin, 1972, 1973; Weisberg et al., 1976; to the neutral number density, n, and satisfies ν n = κn, where κ is the refractive volume of the atmospheric constituents (Withers, 2010) . For many typical constituents, κ is on the order of 10 −29 m −3 (Withers, 2010) . In an ionosphere or magnetosphere, ν is proportional to the electron density, N, and satisfies (Budden, 1985; Withers, 2010) :
In practice, refractivity is generally contributed by either neutrals or plasma, not both, as regions of high plasma density and high neutral density are well separated (Withers, 2010) . Refraction causes the path of the radio signal to bend. This bending is described by the bending angle, α, which is the angle between the asymptotes of the ray path entering and exiting the planetary environment. If the planetary environment is spherically symmetric, then the bending angle α (radians) satisfies (Fjeldbo et al., 1971) :
where r is radius from the center of the planet and subscripts indicate a specific ray path, which is usually equivalent to a specific time at the receiver. Here we have adopted the convention of Fjeldbo et al. (1971) and Withers et al. (2014) that positive bending is away from the planet such that refraction in the neutral atmosphere leads to a negative bending angle α. Ahmad and Tyler (1998) and Withers (2010) adopted the opposite convention. The impact parameter a and closest approach distance r are related by Bouguer's rule, µr = a (Born and Wolf, 1959; Fjeldbo et al., 1971; Eshleman, 1973; Withers, 2010) . If ν varies exponentially with radial distance and has scale height H, then α satisfies (Eshleman et al., 1979; Yakovlev, 2002; Withers, 2010) :
The minus sign in this equation is not present in the corresponding equation in Withers (2010) (their Equation 35) due to the sign convention for α noted above. Since the refracted ray path differs from what it would be in a vacuum, the rate of change of the length of the refracted ray path also differs from what it would be in a vacuum. This affects the Doppler shift experienced by the radio signal. The frequency of the received radio signal differs from its vacuum value by the frequency residual, ∆f , which satisfies (Hinson et al., 1999; Withers et al., 2014) :
where V ⊥ is the component of the velocity of the transmitter relative to the receiver that is perpendicular to the ray path. This equation is commonly stated without emphasizing the sign of ∆f . A signed version of this equation is given in the Appendix of Withers et al. (2014) (their Equation 30 ). This shows that the frequency residual caused by refraction in the neutral atmosphere during ingress into an occultation is negative, whilst the corresponding egress residual is positive. This is illustrated in Figure 2 of Lindal et al. (1983) for the Voyager 1 Titan occultation. Equations 2-5 can be used to relate the frequency of a radio signal to the plasma density or neutral density along the ray path.
Power
The power of a radio signal is sensitive to the plasma density and neutral density along the ray path. Several factors associated with the propagation of the radio signal through a planetary environment can reduce the received power. These include refractive defocusing, absorption by neutral species, and absorption by plasma via electron-neutral collisions (Eshleman, 1973; Howard et al., 1992; Kliore et al., 2004; Withers, 2011) . Here we concentrate on the strongest of these factors, defocusing. In a neutral atmosphere, changes in the bending angle α with impact parameter a causes the beam to spread out, which reduces its intensity. We define I as the ratio of the received intensity to the intensity that would have been received in the absence of refraction during the propagation of the radio signal through a planetary environment. I satisfies (Eshleman et al., 1980) :
Here D is the distance from the planet to the closest of the receiver and transmitter.
Note that the corresponding equation in (Eshleman et al., 1980) (their Equation A6) contains a minus sign in place of Equation 6's plus sign due to differences in sign convention for α. In a neutral atmosphere, bending angle α becomes increasingly negative as impact parameter a decreases, which ensures that I −1 is greater than 1. That is, α is negative and its magnitude increases deeper in the atmosphere. Thus I is positive and less than 1, indicating a reduction in intensity. For a spacecraft radio occultation, D is the distance from the planet to the nearby spacecraft. For an occultation of a distant astrophysical radio source, this is the distance from the planet to Earth, which is much larger. Thus defocusing losses will be significantly greater for occultation of a distant astrophysical radio source than for a spacecraft radio occultation.
The large distance D also affects the spatial resolution of the observations. In the geometrical optics approach used here, the vertical resolution of the observations is diffraction-limited to the size of the Fresnel zone, 2 √ λD, where λ is wavelength (Karayel and Hinson, 1997) . For spacecraft occultations of solar system objects, this is typically on the order of 1 km. For occultations of a distant astrophysical radio source, the vertical resolution will be appreciably larger. Note that existing wave optics methods of analysis can overcome the diffraction limit (Karayel and Hinson, 1997) .
In a spacecraft radio occultation, attenuation due to propagation through the magnetosphere and ionosphere are neglible as |dα/da| are small. In an occultation of a distant astrophysical radio source, |dα/da| in the magnetosphere and ionosphere remains small, but the increased size of D means that refractive effects on the intensity I are not necessarily neglible. Moreover, in a magnetosphere or ionosphere, α may decrease as a increases. In this case, I is not necessarily positive and less than 1. I may be positive and greater than 1, indicating an increase in intensity (focusing). Or I may be negative, which indicates the presence of multipath effects in which multiple rays reach the receiver simultaneously. Equation 6 can be used to relate the power of a radio signal to the plasma density or neutral density along the ray path.
Simulated effects at Jupiter
We consider Jupiter as a test case to assess the significance of predicted changes in polarization angle, frequency, and power of radio emissions from a distant astrophysical radio source during an occultation of the radio source by a planet. A distinct advantage of occultation-based techniques is that effects caused by propagation through the interplanetary or interstellar medium can be eliminated by using pre-and post-occultation measurements as a baseline. Consequently, we do not need to consider such effects here.
However, effects caused by propagation through the terrestrial atmosphere and ionosphere vary on timescales short by comparison to the duration of an occultation. These effects must be removed by independent simultaneous observations of the terrestrial environment, which are routinely acquired at the NASA Deep Space Network stations and other radio observatories. Validated empirical models of the terrestrial environment are also available.
For simplicity, we initially assume that all aspects of the planetary environment, including the atmosphere, ionosphere, and magnetosphere, are spherically symmetric and adopt an illustrative model of Jupiter's environment. We assume that the neutral density in the atmosphere n (r) = n 0 exp − (r − 1R J ) /H, where n 0 = 4 × 10 25 m −3 , H = 35 km, and 1 R J is the radius of Jupiter to the 1 bar pressure level (7 × 10 4 km) (Seiff et al., 1998 ). Jupiter's neutral atmosphere is oblate, not spherical (Hubbard et al., 1975; Kliore et al., 1975 Kliore et al., , 1976 , but the assumption of spherical symmetry is reasonable for this exploratory work. The assumption of an isothermal atmosphere is also only weakly valid (Seiff et al., 1998) . The dependence of the assumed electron density in the ionosphere and magnetosphere N (r) on radial distance is more complicated. In the ionosphere, we
km above 1 R J , and H p = 350 km (Yelle and Miller, 2004) . The assumption of spherical symmetry is not realistic for the ionosphere, where densities vary with solar zenith angle. The assumed ionospheric structure is based on observations close to the terminator. We assume that the top of the ionosphere occurs where the electron density equals 10 9 m −3 , which is an altitude of 5300 km above 1 R J (r = 1.07R J ). Since there are few observations of electron density between the top of the ionosphere and the inner boundary of the magnetosphere at 10 R J , we adopt a simple bridging function in which N decreases exponentially with r such that N = 10 8 m −3 at 10 R J . This corresponds to a scale height of 2.7 × 10 5 km or about 4 R J . In the inner magnetosphere, which begins at 10 R J , N decreases exponentially with r with a scale height of 2.5 R J (Bagenal and Delamere, 2011) . In the outer magnetosphere, N decreases exponentially with r with a scale height of 40 R J (Bagenal and Delamere, 2011) . The outer boundary of the magnetosphere occurs at 100 R J and an electron density of 10 4 m −3 (Bagenal and Delamere, 2011) . The transition from the inner magnetosphere to the outer magnetosphere occurs where their respective electron density functions intersect, namely 6 × 10 4 m −3 and 28.6 R J . The assumption of spherical symmetry is not realistic for the magnetosphere. Plasma in Jupiter's middle and outer magnetosphere is largely confined to a plasma sheet of thickness ∼5-10 R J that lies near the equatorial plane (Behannon et al., 1981; Khurana and Schwarzl, 2005) . Furthermore, the size of Jupiter's magnetosphere is variable. The sunward distance to the outer boundary of the magnetosphere ranges from ∼60 to ∼90 R J and the terminator distance ranges from ∼90 to ∼130 R J , depending on ambient solar wind conditions (Joy et al., 2002) . The tailward extent is discussed further in Section 7. We assume that the component of the magnetic field parallel to the line of sight, B · dl/dl, which influences Faraday rotation of the plane of polarization, is independent of occultation geometry and equivalent to the magnitude of the magnetic field, |B|.
We assume that the magnetic field decreases exponentially from 5 × 10 −4 T at 1 R J to 5 × 10 −8 T at 20 R J (Acuna et al., 1983) , then decreases exponentially from 5 × 10
T at 20 R J to 5 × 10 −9 T at 100 R J . The magnetic field strength at radial distances less than 20 R J is dominated by the planet's internal magnetic field. The magnetic field strength at larger distances is significantly influenced by magnetospheric currents. The assumptions of spherically symmetric magnetic field strength and B · dl = |B| dl are convenient in that they ensure that the resultant Faraday rotation depends only on the radial distance of closest approach, not any additional geographical considerations such as the latitude of closest approach or the direction of the ray path.
However, these assumptions are not particularly well satisfied for Jupiter's predominantly dipolar field.
The modeled densities and field strength are shown in Figure 1 . Radial distances between 1 R J and 100 R J are shown, where R J is the radius of Jupiter to the 1 bar pressure level (7 × 10 4 km). Note that radio signals can propagate deeper into the planet than the some gross simplifications, but it offers a reasonable representation of conditions near the terminator of Jupiter given the assumption of spherical symmetry. That is sufficient for the exploratory purposes of this work.
We assume that V ⊥ = 17 km s −1 to find the frequency shift (Equation 5) and that D = 5 AU to find the power loss (Equation 6). This speed V ⊥ is the difference between Earth's 30 km s −1 orbital speed and Jupiter's 13 km s −1 orbital speed, so we implicitly assume that the distant astrophysical radio source is at rest. Smaller speeds and longer occultation durations are possible if Jupiter is at opposition and in retrograde motion.
With the assumed speed of 17 km s −1 , the impact parameter a changes by ∼1 R J per hour. The impact parameter a will pass through ionospheric and atmospheric altitudes on a timescale of minutes, which is amenable to observations. Yet a will pass through inner magnetospheric distances on timescales of tens of hours. Due to Earth's rotation, this timescale would preclude observations by a single ground-based observer and would require coordination across multiple observing sites. Furthermore, since Jupiter has a ten hour rotational period, the magnetospheric parts of an occultation will span multiple Jupiter rotations. This has the potential to introduce significant complexity to the analysis of observations, as the assumption of spherical symmetry is flawed for the magnetosphere.
Propagation through a planetary environment has frequency-dependent effects on the polarization angle, frequency, and power of a radio signal. We therefore consider multiple radio frequencies in this case study -0.1, 1, and 10 GHz. Radio astronomers routinely observe astrophysical sources in this range of frequencies.
For our chosen D and f , the Fresnel zone size is 3000 km (0.1 GHz), 1000 km (1 GHz), and 300 km (10 GHz) (Section 4). This is the diffraction-limited vertical resolution that can be achieved using geometrical optics methods. Existing wave optics methods of analysis can be used to improve the vertical resolution by an order of magnitude, thereby yielding sub-scale height resolution (Karayel and Hinson, 1997) .
Polarization angle results are shown in Figure 2 . Faraday rotation is inversely proportional to the square of frequency (Equation 1). Polarization angle changes in excess of 1 rad are present for 0.1 GHz (1 GHz) radio signals that pass within 10 R J (3 R J ) of the center of the planet. These are caused by magnetospheric plasma. Effects are larger for radio signals that pass through the ionosphere. They exceed 0.1 rad even at 10 GHz. These results use the idealized magnetic conditions described above. As previously stated, a more realistic model would decrease these idealized polarization angle changes by a factor of 0.2.
Since the polarization angle can only be determined within the range 0-π radians, note that changes in excess of π radians must be tracked by observing at high time resolution.
Frequency shift results are shown in Figure 3 . As discussed in Section 3, the sign of the frequency residual changes between ingress and egress: egress is shown here. Furthermore, this assumes a deep occultation in which the line of sight between the distant astrophysical radio source and Earth is completely occulted by the planet at the center of the occultation.
Behavior around the center of a "grazing" occultation, such as an occultation in which the closest approach distance never drops below 2 R J , is more complex, as is clear from the requirement that the sign of the frequency residual change from ingress to egress.
The simplest explanation is that the velocity component V ⊥ in Equation 5, which is the proportionality relationship between the frequency residual and the bending angle, is zero at the center of the occultation. Further details are available in Appendix A of Withers et al. (2014) .
Returning to Figure 3 and the case of a deep occultation, magnetospheric plasma causes the frequency shift in the 0.1 GHz radio signal to exceed 10 −2 Hz (1 part in 10 10 ) for distances less than 10 R J . At the ionospheric peak, the frequency shift in the 0.1 GHz radio signal is on the order of 100 Hz (1 part in 10 6 ). The neutral atmosphere has the greatest effect on the frequency. The frequency shift exceeds 1 kHz for all three radio frequencies before the 1 bar level is reached.
Refractive effects on the power are negligible for rays whose closest approach distance is in the magnetosphere. Refractive effects on the power are complicated for rays whose closest approach distance is in the ionosphere. Individual rays can be focused, which increases their intensity, and multipath effects can also occur. Consequently, Figure 4 shows power losses calculated assuming refraction in the neutral atmosphere only. With this assumption, Equations 4 and 6 lead to:
Since the observable quantity I −1 − 1 is proportional to α, which is proportional to exp (−a/H) (Equation 4), the neutral scale height H can be inferred from measurements of I (a). However, these effects from the neutral atmosphere only occur at altitudes less than 700 km above 1 R J . This requires the occulted radio source to have a very close approach to Jupiter.
If data analogous to those shown in Figures 2-4 are acquired during an occultation of a distant astrophysical radio source by a planet, then they can be analyzed using the equations set forth above to determine how planetary magnetic field strength, electron density, and neutral density vary with radial distance.
Suitable distant astrophysical radio sources
The ideal distant astrophysical radio source for occultation measurements of a planetary environment is point-like. Furthermore, its emissions should have a large and constant polarization, a narrow and constant frequency, and a large and constant power.
Nevertheless, a distant astrophysical radio source that does not satisfy all these requirements may still be useful. For instance, changes in frequency and power during an occultation will be informative even if emissions from distant astrophysical radio source are unpolarized.
The angular size of the distant astrophysical radio source should be no larger than the angular size over which the environment of the occulted planet is changing. For the Jupiter case study, that corresponds to an angular size of 0.01 arcseconds for the atmosphere, 0.1 arcseconds for the ionosphere, and 50 arcseconds for the magnetosphere. Candidate distant astrophysical radio sources include pulsars, active galactic nuclei, and masers.
Pulsars are neutron stars with diameters on the order of 10 km that can be considered to be point-like sources (Burke and Graham-Smith, 2010) . Their radio emissions are often strongly polarized (Burke and Graham-Smith, 2010 ) and consist of periodic short pulses (Carroll and Ostlie, 2007) . Although the power in an individual pulse is highly variable, the power in an integrated pulse profile, which is the average of ∼100 pulses, is quite stable (Carroll and Ostlie, 2007) . Since pulsar periods are on the order of milliseconds to seconds (Carroll and Ostlie, 2007) , it is feasible to generate an integrated pulse profile for which each constituent pulse can be considered to have propagated along the same path through the planetary ionosphere and magnetosphere.
Active galactic nuclei are supermassive black holes at the centers of galaxies (Carroll and Ostlie, 2007) . Accretion onto the black hole generates intense emissions at radio wavelengths (Carroll and Ostlie, 2007) . The compact central source region has an angular size on the order of milliarcseconds (Carroll and Ostlie, 2007) , so can be considered as a point-like size for occultations of Jupiter's environment. Emissions from the central source can be strongly linearly polarized (Carroll and Ostlie, 2007) . High resolution imaging is required to exclude emissions from lobes and jets emanating from the central source (Carroll and Ostlie, 2007) . Emissions from some classes of active galactic nuclei include narrow spectral lines (Carroll and Ostlie, 2007) .
Masers can be either galactic or extra-galactic (Gray, 1999; Burke and Graham-Smith, 2010 ). Galactic masers are most commonly found in association with stars (Gray, 1999; Burke and Graham-Smith, 2010) . Since the spatial extent of a region of maser emission is on the order of a few AU (Gray, 1999; Burke and Graham-Smith, 2010) , the angular size of a galactic maser can be considered point-like for occultations of Jupiter's environment.
Their emissions are often strongly polarized (Gray, 1999; Burke and Graham-Smith, 2010) .
Galactic maser emission occurs in narrow lines that correspond to energy level transitions in species such as SiO, H 2 O, and OH (Gray, 1999; Burke and Graham-Smith, 2010 ).
Extra-galactic masers, known as megamasers, are associated with active galactic nuclei (Lo, 2005) . They are less polarized than galactic masers (Gray, 1999) . Their emissions, which are relatively broad (Gray, 1999 ), come from OH or H 2 O lines (Lo, 2005) .
Time delay of pulsar emissions
Another method for measuring the local electron density at a planet is available for occultations of pulsars. The arrival time for a given pulse is delayed relative to the vacuum arrival time due to the pulse's propagation through plasma in the interstellar medium and planetary environment. Thus pulses that pass through regions of high electron density in a planetary magnetosphere and ionosphere will be received later than expected. The frequency-dependent time delay, T , satisfies (Croft, 1971; Budden, 1985; Howard et al., 1992) :
Simulated time delays relative to vacuum for the spherically-symmetric Jupiter case study are shown in Figure 5 . The time delay exceeds 1 microsecond for 0.1 GHz radio signals for distances less than 10 R J . Averaging over a large number of pulses will increase the precision with which the time delay can be measured. A time series of time delays provides a series of column-integrated electron densities (m −2 ) for different distances of closest approach. These can be inverted to provide a radial profile of the local electron density (m −3 ) (Quémerais et al., 2006) .
The spherically symmetric model of Jupiter's environment used in Figure 5 is appropriate for conditions near the terminator and on the sunward side of the planet. On the anti-sunward side of the planet, Jupiter's magnetosphere is so elongated that Saturn's orbit, which is twice as far away from the Sun as Jupiter's, is regularly within Jupiter's magnetotail (Lepping et al., 1983) . On the anti-sunward side, Jupiter's magnetosphere can be represented as a cylinder of length 15 AU (3 × 10 4 R J ) (Lepping et al., 1983) and radius 200 R J (Khurana et al., 2004) . In this representation, Jupiter is at the center of one circular face and the cylinder extends outwards away from the Sun. The electron density in the elongated magnetotail is 5 × 10 3 m −3 (Nicolaou et al., 2015) , 20 times smaller than the 10 5 m −3 density in the surrounding solar wind (Ebert et al., 2014) .
Consequently, the simulated time delays shown in Figure 5 are inaccurate for the case in which the radio signal has traveled along the Sun-Jupiter line, as would occur for an occultation at opposition. For this case, we model plasma densities on the sunward side of Jupiter as before, but model plasma densities on the anti-sunward side of Jupiter with the elongated magnetotail described above. For closest approach distances that on the sunward side are in the outer magnetosphere, the net effect is a negative time delay, or a time advance. The long, low density magnetotail causes a time advance relative to propagation on a parallel path through the adjacent solar wind plasma, and higher densities encountered on the short sunward side are not high enough to compensate. By contrast, for closest approach distances that are close to the planet, the net effect is a time delay due to the extremely high densities encountered on the short sunward side.
Simulated time delays for this case are shown in Figure 6 . These time delays are relative to a parallel path through the solar wind plasma that surrounds Jupiter's environment. The magnitude of the time delay exceeds 1 microsecond for 0.1 GHz radio signals for distances less than 2 R J or greater than 6 R J . As for the non-opposition case, a time series of time delays for different distances of closest approach, as is illustrated in Figure 6 , provides information about the spatial distribution of plasma density around the planet. Note also that effects exist at R = 100-200R J that are not shown on this figure. At these distances of closest approach, the time advance is the same as for tens of R J -3 microseconds. In this model, this 3 ms time advance ceases abruptly at 200 R J due to the sharp boundary between the low density magnetotail and the higher density solar wind at this distance from the central axis of the magnetotail. In reality, the boundary will have an appreciable spatial extent and the time advance will return to zero more gradually. We do not consider effects of the magnetotail for the non-opposition case ( Figure 5 ) because the path length through the magnetotail is much reduced away from opposition.
Likelihood of occurrence of Jupiter occultation
In order to estimate the likelihood of Jupiter occulting a suitable distant astrophysical radio source, we estimate the fraction of the sky obscured from view by Jupiter as seen from Earth over the course of one orbital period of Jupiter (12 years). Jupiter sweeps out a band of height 2R J and length 2πa J within a full sky area of 4πa 2 J , where a J is Jupiter's orbital semi-major axis. Hence Jupiter occults R J /a J or 10 −4 of the sky over the course of one orbit. Moreover, Figures 2-3 shows that significant effects on polarization angle and frequency occur for radio signals with a closest approach distance of 10 R J . This increases the fraction of sky covered to 10 −3 . Since thousands of pulsars (Manchester et al., 2005) and tens of thousands of active galactic nuclei (Krolik, 1999) have been identified, it is likely that at least one occultation of a pulsar or an active galactic nucleus by the environment of Jupiter will occur over the course of one Jupiter year. However, candidate distant astrophysical radio sources are concentrated in the galactic plane, not distributed isotropically, so occultations are most likely when Jupiter is near the intersection of the ecliptic and galactic planes.
Occultations of Jupiter's magnetotail at opposition are also likely. Since the projected area of a disk of radius 200 R J at a distance of 5 AU is 10 −4 of the full sky, there is a reasonable prospect of a pulsar or other suitable distant astrophysical radio source occulting Jupiter's magnetotail at a given opposition. Oppositions occur approximately once per Earth year. A different region of the sky will be sampled at each opposition, which increases the likelihood that a suitable distant astrophysical radio source will be appropriately positioned for at least one opposition in the near future. The most promising oppositions are those that occur when Jupiter is near the concentration of distant astrophysical radio sources within the galactic plane.
The Jupiter case study presents the problem of radio emissions from the planetary environment itself. Jupiter emits radio noise at many frequencies, including decimetric radio noise at frequencies around 0.1-10 GHz (Bolton et al., 2004 ) that must be distinguished from emissions from the distant astrophysical radio source. These decimetric emissions are synchrotron radiation produced in the planet's intense radiation belts (Bolton et al., 2004) .
Their spectral irradiance is on the order of 10 Jy (de Pater et al., 2003; Bolton et al., 2004) , whereas a representative value for a pulsar is 10 mJy, three orders of magnitude smaller (Manchester et al., 2005) .
The source region for the decimetric emissions is approximately 1 R J in radius. At 5 AU, that corresponds to an angular extent of 20 arcseconds. Imaging with an angular resolution of 20 milliarcseconds will reduce the observed intensity of the radiation belt emissions by 6 orders of magnitude, rendering them insignificant. This issue is not a concern for other solar system planets. Their decimetric emissions are much weaker than Jupiter's, since they lack radiation belts as intense as Jupiter's (Bolton et al., 2004) .
Application to exoplanets and stars
The observations proposed in this article would be beneficial to studies of planets in our solar system. Moreover, such measurements would be immensely valuable to studies of exoplanets beyond our solar system. There are as yet no measurements of the magnetic field strength, electron density, or neutral atmospheric density in the vicinity of an exoplanet.
This technique could also detect ring systems around exoplanets if the rings are sufficiently dense to attenuate the radio signal appreciably (Kliore et al., 2004) . This would be a radio analogue to the discovery of the rings of Uranus by their attenuation of starlight during a stellar occultation (Elliot et al., 1977) . Moons and atmosphere-less exoplanets, if they fortuitously encounter the ray path, would also extinguish the radio signal.
The low probability of suitable alignment of Earth, an exoplanet, and a suitable distant astrophysical radio source presents a considerable challenge. A Jupiter-like exoplanet in a Jupiter-like orbit that is seen face-on sweeps out an area of 10 15 km 2 over the course of one orbit. If that exoplanet is at a distance of 10 light-years, then it sweeps out only 10 −14 of the total area of the sky. If the exoplanet has a Jupiter-like magnetotail, then the magnetotail sweeps out 10 −10 of the total area of the sky. The concentration of both exoplanets and galactic radio sources in the galactic plane may alleviate this challenge somewhat, but it still appears formidable.
Observations of stellar radio emissions (Güdel, 2002) Although not a direct result of the preceding work, one issue related to planetary ring systems should be emphasized. If a nearby exoplanet with a Saturn-like ring system were to transit in front of its parent star, then very long baseline interferometry would have angular resolution comparable to the spatial extent of the ring system. Observed stellar radio emissions from the obscured region of the star would be appreciably attenuated. For this to occur, the planet's ring plane must be tilted with respect to its orbital plane such that the line of sight from Earth to the planet is not parallel to the ring plane.
Occultation of a distant astrophysical radio source by a star, rather than a planet, may also be informative. The magnetic field and plasma in the extended stellar atmosphere will affect properties of the occulted radio signal just as in a planetary ionosphere and magnetosphere (Tyler et al., 1977; Woo, 1997; Pätzold et al., 2016) . Indeed, occultations of pulsars and other distant astrophysical radio sources by the Sun have been used to study the magnetic field and plasma density in the solar corona (Machin and Smith, 1952; Bird et al., 1980; Ingleby et al., 2007) . Since known exoplanets number in the thousands, whereas the Gaia mission will observe 10 9 stars, the likelihood of an occultation occurring within a reasonable period of time will be significantly greater for stars than for exoplanets.
Moreover, high resolution imaging of radio emissions from one member of a binary star system as it is eclipsed by the other member would probe the extended stellar atmosphere of the nearer star.
Conclusions
The polarization angle, frequency, and power of radio emissions from distant astrophysical radio sources, such as pulsars, active galactic nuclei, and masers, are affected by propagation through a planet's atmosphere, ionosphere, and magnetosphere.
Occultations of distant astrophysical radio sources by solar system planets, such as Jupiter, can be used to measure magnetic field strength, plasma density, and neutral density in planetary environments. Based on the number of known distant astrophysical radio sources, such occultations are likely to occur often. Occultations of distant astrophysical radio sources by exoplanets could probe the exoplanetary environments, but such occultations are unlikely to occur frequently. An alternative type of occultation may be more promising for exoplanets: high resolution radio imaging of an exoplanet as it transits in front of its parent star. Stars in eclipsing binary systems could be studied similarly. 
